of Mam1, Lrs4, and Csm1 and localizes to the kinetoMeiosis I-specific events required for accurate meiotic chromosome segregation are regulated by meiosis-spechores in late prophase and metaphase I. Cells lacking any of these proteins fail to coorient sister kinetochores cific factors. One such meiosis-specific factor is SPO13. In 1980, Klapholz and Esposito identified SPO13 as beduring meiosis I and attempt to segregate sister chromatids instead of homologs during this division.
ing required for the execution of two meiotic divisions in budding yeast [21] , and it is likely to be involved regation pattern (Figure 1 ; [29, 30] ). A detailed analysis of cells lacking FEAR network components revealed that in regulating both the stepwise loss of cohesins from chromosomes and sister kinetochore coorientation. these phenotypes are due to an uncoupling of meiotic events in these mutants [29, 30] . FEAR network mutants Cells lacking SPO13 undergo a single meiotic division during which chromosomes exhibit a "mixed" segregahave a delayed exit from meiosis I. However, they nevertheless initiate meiosis II, resulting in both chromosome tion pattern; that is, some chromosomes exhibit a reductional meiosis I-like segregation pattern, whereas others segregation phases occurring on the same meiotic spindle. This phenotype is most clearly observed when the segregate in a meiosis II-like, equational manner [22, 23] . Interestingly, in the absence of recombination, this occurrence of the reductional (meiosis I-like) and equational (meiosis II-like) chromosome segregation phase mixed pattern is lost, and chromosomes segregate exclusively in an equational manner [24] . Furthermore, is analyzed in a synchronous meiotic cell cycle [29, 30] . One can determine chromosome segregation patterns by Rec8 is lost from centromeric regions in binucleated cells in spo13⌬ mutants, and overexpression of SPO13 monitoring the segregation of green fluorescence protein (GFP)-labeled chromosome V (heterozygous CENV GFP during mitosis prevents cohesin cleavage and removal from chromosomes [8, 25 , 26].
dots; [31, 32] ). In a reductional segregation, sister chromaHere we investigate how Spo13 affects cohesion retids stay together so that a GFP dot is observed in moval and whether the protein is involved in promoting just one nucleus in binucleated cells. However, if an sister kinetochore coorientation during meiosis I. Our equational segregation occurs, then sister chromatids analysis of the spo13⌬ mutant indicates that SPO13 separate and generate binucleated cells with GFP dots regulates the retention of centromeric cohesins and sugin both nuclei. When FEAR network mutants, such as a gests that retention of centromeric cohesin requires the spo12⌬ mutant, are examined by this assay, it is apparcooperation of multiple pathways. Furthermore, we ent that the equational segregation of chromosome V show that SPO13 is required for maintaining monopolin occurs after the reductional segregation during meiosis complexes at kinetochores during metaphase I. Our re-I, which is indicative of the uncoupling of meiotic events sults suggest that SPO13 is a central regulator of meiosis ( Figure 1B ; [ 
29, 30]). I events. It controls retention of centromeric cohesion
To determine whether the mixed chromosome segreand kinetochore coorientation, both essential aspects gation pattern exhibited by spo13⌬ mutants is also due of meiosis I chromosome segregation.
to an uncoupling of meiotic events, we determined the timing with which chromosome V segregated reductionally and equationally in a meiotic time course. In Results contrast to spo12⌬ mutants, spo13⌬ mutants produced binucleated cells with GFP dots in either one or both The spo13⌬ Phenotype Is Distinct from nuclei at the same time and with equal frequency, indithat of FEAR Network Mutants cating that the reductional and equational segregation Cells in which SPO13 is deleted exhibit a terminal phenoobserved for chromosome V in spo13⌬ mutants occur type similar to that of cells defective for FEAR (Cdc at the same time ( Figures 1B and 1C) . Furthermore, the fourteen early anaphase release) network function [22, cohesin subunit Rec8 is lost from centromeric regions 23, 27-30]. FEAR network mutants, like spo13⌬ mutants, at the same time as from chromosomal arms, consistent produce two-spored asci (dyads), have a delayed exit from anaphase I, and exhibit a mixed chromosome segwith spo13⌬ mutants undergoing both reductional and Figure 3A) . To test whether SPO13 requires SGO1 to prevent however, is stepwise. Thus, centromeric Rec8 prevents chromosome segregation in meiosis I in mam1⌬ cells cohesin removal, we examined whether the mitotic around centromeres. A MEI-S332 family member known Rec8 from centromeric regions would suggest that the two genes function in the same pathway. However, given as Sgo1 has recently been shown to be essential for preventing cohesin loss from centromeric regions durthat either single mutant exhibits complete loss of centromeric cohesion function during meiosis I, any ening meiosis I in budding yeast (Figure 4; [15-17] ). Our analysis of the relationship between SPO13 and SGO1 hancement in the double mutant is unlikely to be apparent. We therefore cannot exclude the possibility that revealed that SPO13 is not required for Sgo1 localization at kinetochores and that SGO1 is not required for Spo13
Spo13 functions in a parallel but not redundant pathway to Sgo1. to inhibit anaphase onset during mitosis when Spo13 is overexpressed. These findings formally place SPO13 Importantly, our results also show that Sgo1 localization to kinetochores alone is not sufficient for protecting downstream of or in parallel to SGO1. The finding that spo13⌬ sgo1⌬ mutants exhibit the same phenotype as Rec8 from removal around centromeres during meiosis I. In the absence of SPO13, Sgo1 is at kinetochores, either single mutant with respect to premature loss of yet Rec8 is removed prematurely. We speculate that subunits: Mam1, Lrs4, and Csm1 [19, 20] . This complex protection of centromeric cohesins by the combined localizes to kinetochores during prophase and metaactivity of both Spo13 and Sgo1 allows for spatial and phase I and dissociates from these structures at the developmental specificity. Sgo1, which is present at kionset of anaphase I (Figures 6-8; [19, 20] ). The localizanetochores during both mitosis and meiosis, provides tion of this complex to kinetochores is regulated by the spatial specificity for centromeric regions. Spo13 and polo-like kinase Cdc5 [32, 36, 37] and by Spo13 (this Rec8, whose localization is not restricted to centromeric study). Cdc5 is likely to be required for the establishment regions but which are present only during meiosis, proof coorientation because Cdc5 depletion mutants are vide developmental specificity; that is, protection occurs completely defective in kinetochore coorientation and only during meiosis. The fact that Spo13 is degraded Mam1 does not appear to localize to kinetochores in during anaphase I (data not shown; [35] Medical Institute.
